Goal of this study
In recent research, the quality of IGS MGEX products has been evaluated, e.g., Steigenberger et al. (2013 Steigenberger et al. ( , 2015 , Steigenberger and Montenbruck (2017) . However, there is no current literature devoted to the assessment of the multi-GNSS products for RT users. We fill up this gap by providing a comprehensive evaluation of the RT orbits and clock corrections. We evaluate the quality of RT orbits using three complementary methods: (1) comparison with the post-processing MGEX products, (2) analysis of orbit discontinuities through fitting long and continuous arcs and (3) comparison through the independent satellite laser ranging (SLR) technique. The clocks are evaluated by: (1) comparison with the post-processing MGEX products and (2) modified Allan deviation (MDEV) diagram analysis of the clock stability in various frequency ranges (Allan and Barnes 1981) . At the end, positioning tests are performed to check the position accuracy obtained using products being analyzed.
Characteristics of new GNSS
In-orbit validation (IOV) satellites and full operational capability (FOC) satellites, distributed nominally over three orbital planes, can be recognized in the Galileo constellation. BeiDou employs three orbit types: medium earth orbits (MEO), geostationary (GEO) and inclined geosynchronous orbit (IGSO). Thus, BeiDou orbits have two different orbital revolution periods. Nominally, there are three MEO, one GEO and three IGSO orbital planes. Table 1 summarizes the current status of Galileo and BeiDou constellation with pseudo-random noise (PRN), satellite vehicle number (SVN), a satellite type, an orbital plane identifier, a semi-major axis a, an inclination angle i and an eccentricity e for Galileo and BeiDou.
Methodology
We assess availability and quality of RT orbit and clock corrections provided by CNES in April 2016 (DoY 92-121). We use BNC software (Weber and Mervart 2009 ) to decode correction streams from Radio Technical Commission for Maritime Services-RTCM. RT satellite orbits and clocks are calculated using an in-house developed GNSS-WARP software (Hadas 2015) . For the orbit validation employing SLR observations, we use Bernese GNSS software (Dach et al. 2015b ).
Issue of data (IOD) matching
Joining RT correction with respective ephemerides has to be done using IOD number that allows for identifying the ephemeris. The IOD number for GPS and Galileo ephemeris is directly provided in the message as opposed to GLONASS and BeiDou. Therefore, the methodology of IOD calculation for GLONASS and BeiDou derived from the BNC source code is introduced in the following subsections.
GLONASS IOD calculation
The procedure for GLONASS IOD calculation is based on the ephemeris epoch record. The ephemeris seconds of day (SoD) in UTC are computed from time of clock parameters: hour, minute and second. Then, UTC SoD are converted to Moscow time (MT). Finally, the IOD is calculated as:
The GLONASS IOD may thus be interpreted as the number of 15-min intervals in a day for MT.
BeiDou IOD calculation
In order to calculate IOD for BeiDou, three clock correction parameters and 15 ephemeris parameters should be involved. The parameters are divided by the scale factor and are converted from decimal to binary format taking into account the number of pre-allocated bits (BeiDou ICD 2013). Next, the parameters are stacked into one binary string in the following order: IDOT, a 2 , a 1 , a 0 , C rs , Δn, M 0 , C uc , e, C us , √ A, C ic , 0 , C is , i 0 , C rc , ω, ̇, where symbols are compatible with BeiDou ICD. Then, five zero bits are added at the end of the binary string to divide the string into bytes. Finally,
BeiDou IOD is calculated as a control sum CRC-24 of the obtained 52 bytes.
Availability of real-time corrections
The availability of precise corrections influences the positioning precision and solution stability. Therefore, RT orbit and clock correction availability was first checked (Fig. 1) . We can classify unavailability events into several groups: (1) permanent (e.g., G04), (2) temporal (e.g., R01) unavailability period of some satellites, (3) epochs without corrections only for some systems (e.g., DoY 94 for BeiDou) and (4) epochs without corrections for all satellites (vertical bands in Fig. 1 ). Groups (1) and (2) originate from corrections not provided (e.g., E08). Missing corrections may refer to scheduled maneuvers conducted for the selected satellites. The gap for G32 at the beginning of the test period is connected with the satellite replacement for the slot G32 from block IIA for a block IIF in February 2016. For satellites E08 and E09, there were some problems with the correction calculation related to a short time span since their launch DoY   G04  G06  G08  G10  G12  G14  G16  G18  G20  G22  G24  G26  G28  G30  G32  R02  R04  R06  R08  R10  R13  R15  R17  R19  R21  R23  E08  E11  E19  E24  E30  C02  C04  C06  C08  C10  C12   G01  G03  G05  G07  G09  G11  G13  G15  G17  G19  G21  G23  G25  G27  G29  G31  R01  R03  R05  R07  R09  R11  R14  R16  R18  R20  R22  R24  E09  E12  E22  E26  C01  C03  C05  C07  C09  C11  C13 92 96 100 104 108 112 116 120 GPS GLONASS Galileo BeiDou The overall availability median for all the systems reaches 90% when excluding BeiDou. The smallest number of corrections for BeiDou is mainly related to previously described correction message errors (Table 2) .
Quality assessment
The process of quality assessment for the test period splits into four independent parts: comparison with the final CODE MGEX products, assessment based on fitted continuous daily arcs, comparison with SLR observations and clock analysis using MDEV.
Orbit and clock comparison to the final products
As a reference product, the final CODE MGEX (Prange et al. 2017 ) solution is employed. It provides both the orbits and clocks for GPS, GLONASS, Galileo and BeiDou excluding BeiDou GEO satellites, of which the latter are associated with a poor accuracy of their orbits . The CODE orbits are based on double-difference solutions employing the ionospheric-free linear combination of two selected signals, whereas the CODE clocks are based on undifferenced PPP solutions with fixed orbits.
Quality of orbit products
The orbit comparison is done in 15-min intervals for three components: radial, along-track and cross-track. Clocks are aligned using median calculated for each epoch and system separately. Outliers are removed using a threshold of 2.5 standard deviations (SD) of the analyzed data set. Figure 2 shows the differences between RT and the final orbits and clocks. The satellites are grouped according to the occupied orbital plane. Numerical statistics are also computed for each satellite block and the system assignment (Table 3) . This distinction allows for checking whether there are any dependencies between the product accuracy and satellite types, blocks or orbital planes.
The most accurate orbits are for GPS with the SD of residuals equal 2.3, 3.2 and 2.8 cm for the radial, along-and cross-track component, respectively. The radial component of GLONASS has a slightly lower accuracy than the radial component of GPS. The accuracy of other systems is at least twice worse than of GPS. The 3D SD of residuals is 4.8, 9.8, 18.3 and 28.2 cm for GPS, GLONASS, Galileo and BeiDou, respectively.
The quality of GPS orbit positions is not related to the orbital plane and the satellite block ( Fig. 2 and Table 3 ). Satellite block dependency may be confirmed only by the satellites from block IIF which have SD bigger by about 0.5 cm than from other blocks for the radial and along-track components.
The GLONASS satellite positions from the orbital plane #1 obtained larger SD than GLONASS satellites from the orbital planes #2 and #3, by about 63, 60 and 27% for the radial, along-track and cross-track component, respectively. The number of outliers is about two times greater for plane #1 than for planes #2 and #3. This may refer to the lowest sun elevation angle above the orbital plane (β) that is in the range from − 5.0° to 25.2° in the test period for the orbit #1 which is related to larger orbit modeling errors for eclipsing satellites . For only one GLONASS-K, R09, the errors are slightly lower than for GLONASS-M; however, it is hard to reliably assess a relationship between satellite type and RT orbit accuracy.
The quality of along-track and cross-track components of Galileo orbit differences is comparable with SD equal about 12 cm, while for the radial component SD is about 6.5 cm. However, the radial component of Galileo has a bigger bias than the remaining components and equals 2.3 cm, which is related to different albedo, and antenna thrust modeling in CODE and CNES. Galileo orbit quality is independent of the occupied orbital plane, analogously to GPS. The significant bias is positive in radial, both for planes A and B, while in cross-track the bias is negative for A and C and positive for B. Table 3 shows that IOV satellites obtain slightly worse position accuracy and a bigger bias than FOC satellites. This can be caused by the fact that CODE employs the new Empirical CODE Orbit Model (ECOM2, Arnold et al. 2015) , whereas CNES products employ the classical ECOM1, which may cause a bias in cross-track component .
The orbital plane BeiDou IGSO B has the worst performance among all IGSO planes. Satellites from the plane IGSO B have SD about 25, 34 and 36 cm for the radial, along-and cross-track components, respectively, which is four, two and two times bigger than the corresponding components of IGSO planes C and D. BeiDou MEO satellites obtain slightly lower SD than IGSO from the orbital planes C and D, however, with a 4-cm bias for cross-track in the plane E and for along-track in the plane F. Other satellites have biases below 2 cm, excluding IGSO in the plane B for which the bias is equal to about 7 cm for the along-track component. These differences are strongly related to a satellite type rather than to the occupied orbital plane. Moreover, IGSO satellites obtain lower SD for the along-track than for the cross-track component, which is unique in comparison with other satellites.
Quality of clock products
GPS clock accuracy is not related to the orbital plane. There are three pairs of orbits with a bias equal 1.2, 0.5 and 0.7 cm for the pairs A-F, B-D and C-E, respectively. The clock analysis introduces a distinction between satellite blocks. GPS block IIF has slightly less accurate clocks with SD equal 3.3 cm, while the remaining blocks obtain almost identical SD of about 2.4 cm with a bias independent from a satellite block. GLONASS clocks have comparable SD. However, there are some GLONASS satellites with bigger SD of clock residuals. The GLONASS satellite orbit quality is also slightly dependent on the orbital plane as SD equal 6.5, 8.2 and 8.6 cm for the orbital planes #1, #2 and #3, respectively. Galileo clocks have SD lower than 10 cm, and the bias is about − 3 cm. E08 and E09 are the only Galileo satellites with bigger SD equal about 12 cm, but their bias is lower than 1 cm. Galileo clocks, excluding the recently operational E08 and E09, are almost as accurate as those for GLONASS, however, with SD bigger by about 1 cm. BeiDou RT clocks are only slightly worse than the Galileo clocks. Two IGSO satellites from the orbital plane B have SD equal 14 cm. This outcome is similar to the orbit results obtained for this orbital plane. Considering BeiDou MEO satellite type, the satellites have a 0.5-cm bias which is three times smaller than the IGSO bias.
Summary
Compared to the final CODE MGEX products (Fig. 3) , GPS and GLONASS obtain the best orbital accuracy. Satellite orbits are significantly more accurate for BeiDou MEO than for BeiDou IGSO. The radial component of BeiDou MEO obtains SD equal 4.8 cm which is lower than of Galileo orbits with SD of 6.5 cm, while SD for cross-track is about 12 cm for both.
Fitting continuous orbital arcs
The RT orbit products provided by CNES are based on GNSS observations used to generate orbit and clock predictions for a certain interval. The orbit predictions may thus contain some discontinuities at the boundaries of the prediction intervals. We fit the orbit positions from RT products to daily continuous arcs as another way of orbit validation. For the orbit fit, ECOM2 is used with the estimation of nine empirical parameters with no stochastic pulses. We fit continuous orbital arcs into the set of satellite positions which provide information on satellite orbit discontinuities at epochs in which new orbit predictions are generated. Daily continuous arcs are adjusted to all days of the analyzed period. Residuals of this fitting procedure for DoY 98, 2016 are shown in Fig. 4 . For all systems, there is a visible subcentimeter noise in each component which is related to the last valid digit of data in SP3 files that equals 1 mm. Moreover, some discontinuities appear while fitting arcs into the series of satellite positions. For GPS, GLO-NASS and BeiDou MEO, discontinuities reach up to 6 cm. For Galileo and BeiDou IGSO satellites, discontinuities are greater, especially for the along-track component. Among all systems, the biggest discontinuities occur for BeiDou GEO and reach up to even 6 m. The biggest discontinuities for particular systems appear with about 6-h intervals for GPS and GLONASS and with 3-h intervals for Galileo and BeiDou which is connected with AC orbit prediction periods. The substantial discontinuities for GEO may be related to an inferior quality of orbit models for GEO satellites. They are in a deep 1:1 orbit resonance with the earth's gravity field (Hugentobler 1998) , where a small change of external forces acting on a satellite causes substantial changes of a satellite position. The quality of BeiDou GEO is thus much worse than of MEO or IGSO (Tan et al. 2016) .
GPS fitting residuals assume SD of 1.5 cm for all components with a 0.9-cm bias only for the radial. The accuracy of orbit fitting for GPS is very similar for all days with the SD up to 1.8 cm and the bias of about 1 cm for the radial component. The systematic bias for the radial component can be explained by different modeling of the satellite antenna thrust at CNES and in Bernese software, which corresponds to about 1 cm (Fritsche et al. 2014 ). The SD of fitting residuals for GLONASS reaches up to about 3 cm for the alongtrack component, while for two other components SD is below 2 cm. However, there is also a bias for both, radial and along-track components (Table 4) . GLONASS-K results are comparable to GPS. For the GLONASS plane #1, which has a mean value of the β-angle equal 10.1° in the considered period, the fitting residuals are greater than those for satellites from planes #2 and #3 with the mean β-angle equal 45.8° and 51.8°, respectively. The bad quality of GLONASS orbits from plane #1 is the reason for the greater overall GLONASS SD and the additional bias for the along-track component (Table 4) . Residuals for planes #2 and #3 are, however, comparable with those for GPS with the values at the level of 1.0-1.5 cm.
SD of residuals for Galileo is about 3-4 cm and has a significant cross-track bias. Statistics for BeiDou are worse than for the other systems by an order of magnitude with the SD up to about 70 cm, which is caused mostly by GEO satellites with the largest SD. GEO satellites show a bias of about 12 cm in the cross-track direction. One BeiDou GEO, C04, has the greatest bias for the cross-track component equaling to about − 45 cm. BeiDou MEO satellites are fitted with a quality of about 3-4 cm, which is comparable to Galileo satellites.
Orbit validation using SLR
All satellites, except for GPS, are equipped with laser retroreflectors that enable preforming high-precision distance measurements between ground stations and satellites. Thus, SLR technique is used as an independent source of information on orbit quality and reference data information provided by the International Laser Ranging Service (ILRS) (Pearlman et al. 2002) . Due to the lack of SLR observations or a low number thereof, in this step 33 satellites were considered. Figure 5 and Table 5 provide results from the SLR validation.
The SD of SLR residuals for GLONASS is about 4 cm. The residuals to Galileo are twice larger than those to GLONASS, whereas BeiDou satellites show significantly greater SD of SLR residuals equaling to about 50 cm. The GLONASS-K satellite obtains two times smaller SD of SLR residuals, at the level of 2 cm, with the same number of outlaying observations, i.e., about 7%. It may be related to the fact that the GLONASS-K is equipped with a ring-shaped retroreflector construction, as opposed to GLONASS-M satellites, which are equipped with the rectangular retroreflectors . GLONASS satellites from plane #1 have SLR residuals of about 5 cm, which are the largest of all GLONASS planes, whereas GLONASS satellites from plane #3 achieve the lowest SLR residuals, not exceeding 3 cm. An analogous situation could be observed for the comparison between RT CNES and the CODE final products. The SLR residuals obtained for Galileo satellites from planes A and C are at the level of 11-12 cm and thus are about two times greater than those from the plane B with the SD of 5 cm. The number of SLR observations to satellites occupying planes A and C amounting to 200-300 is lower than for that from plane B, which contains almost 800 observations, which is strictly connected with the number of active Galileo satellites that occupy different orbital planes and with the ILRS tracking priorities. For the BeiDou GEO satellite C01, the SLR residuals assume the largest values between − 200 and + 150 cm with the SD of almost 100 cm. The IGSO C08 has two times greater SD than the IGSO C10. Satellite C08 also has a negative bias that reaches about 5.5 cm. The IGSO C10 obtains almost the same SD as the MEO C11 at the level of 4 cm, which is similar to GLONASS satellites (Table 5) .
Results of RT orbit validation using SLR are mainly within the boundaries determined by the SLR validation of the final products obtained by Montenbruck et al. (2017) . The SD of SLR residuals for RT orbits is lower than for the final orbits by several millimeters for GLONASS and BeiDou IGSO, while SD for BeiDou GEO is even three times greater than the values for the final products.
Assessment of clock stability using MDEV
The stability of GNSS clocks is analyzed using MDEV, which is commonly employed for the assessments of clock quality . and 2.72-5.38 × 10 −12 for GPS, GLONASS, Galileo and BeiDou, respectively. MDEV for GPS clocks decreases for the time integration from 30 s to about 1000 s and then slightly increases to achieve a local maximum at τ of about 10,000 s, which corresponds to about one fourth of the GPS orbital period. For τ longer than 10,000 s, the MDEV diagram becomes smaller again. The best clock performance out of all GPS satellites is for the block IIF, which is equipped with the Rubidium Atomic Frequency Standards. For G08 and G24 from the block IIF, the MDEV values initially do not vary from IIR satellites, but for τ of about 400 s they show a worse stability than other GPS satellites. Galileo satellites show a comparable clock stability to GPS. The local maximum for the majority of Galileo satellites analyzed occurs for τ of about 12 000 s which is related to one fourth of the Galileo orbital period. However, E24 is an exception among all Galileo satellites, with a local maximum for τ equal to 6000 s. GPS and Galileo, and GLONASS and BeiDou show comparable results regarding the MDEV analysis. The main advantage of Galileo is the clock homogeneity of all satellites; however, two Galileo satellites have a slightly worse stability at the second half of the considered day. GLONASS has the most consistent internal stability between clocks of different spacecrafts, but they are characterized by about four to five times lower stability than the Galileo and best GPS clocks. MDEV for GLONASS clocks is homogenous with a local maximum for the τ equal to about 12 000 s, i.e., one third of the GLONASS orbital period. Additionally, there is a problem with the GLONASS-K satellite which shows an anomalistic bump for the τ of 200 s.
The clock stability of BeiDou is comparable for all satellites, irrespectively of the orbit type. The only exception is the geostationary satellite C01 for which the clock stability is slightly worse than for other BeiDou clocks. Thus, it cannot be concluded that GEO clocks are less stable than the clocks of other BeiDou satellite types. Additionally, MEO C14 obtains a bump for τ equal to about 2000 s, while the IGSO C06 misbehaves at the longest integration and shows a bump around τ = 13 000 s. The remaining BeiDou MEO performs better for longer integration periods without any prominent bumps.
Validation using PPP
We run positioning tests for DoY 120, 2016 to check the correction contribution to range errors under actual processing conditions for eleven multi-GNSS IGS stations (Fig. 7) . Tests were conducted in five variants: GPS (G), GPS + GLONASS (G + R), GPS + Galileo (G + E), GPS + BeiDou (G + C) and a combination of all available systems for each station named G + R + E + C. For the static mode, we provide coordinate differences and their formal errors. For the kinematic mode, we present the daily mean absolute coordinate differences and daily mean formal errors. As reference coordinates both in static and in the kinematic modes, we use IGS weekly combined solutions. The inclusion of another system to GPS mainly reduces formal coordinate errors by 7-36%, depending on the component (Table 6 ). The lowest improvement is in G + E, where the reduction in formal errors does not exceed 20%. G + R + E + C reduces formal errors for all components by more than 30% which refers to the improved observation geometry. The improvement could possibly be better when applying an optimized weighing for individual GNSS.
The bias in the static mode is mainly reduced for the east component by 10% when excluding G + E, in which the bias is larger than in G by about 15%. In G + C for the up component, the mean bias is smaller and larger by about 10% for G + C and G + E when compared to G in the static mode, respectively. The bias of the north component is similar in four variants without G + C with differences up to 3% and is slightly bigger by 7% in G + C. In the kinematic mode, the bias is reduced only in the G + R variant by 15 and 6% for the north and east components, respectively. In other variants, biases are bigger by about 6-20%. For the up component, the bias is reduced for all variants by about 6-12%. The only exception is the G + C variant where the bias for the up component is slightly bigger than in G by 4%. Figure 8 illustrates formal errors from the static mode for the all tested variants. Adding GLONASS typically reduces errors for all components on average by 21-25%. Additional observations provided by Galileo reduce formal errors by about 12-16%, which is lower than for other systems. In the case of the G + C variant, the biggest error decrease is visible for stations located in the Asia-Pacific region and reaches between 21 and 37%. For stations observing only MEO or GEO and IGSO satellites at low elevation angles, the reduction in formal errors in G + C is not as big as in case of G + R due to a limited number of epochs with BeiDou observations and no observations in zenith (e.g., for WROC).
Conclusions
We assessed the availability and the accuracy of RT multi-GNSS products provided by CNES. Availability of products for GPS, GLONASS and Galileo is at a satisfactory level and exceeds 90% in the test period. Gaps in the product availability are mainly caused by the problems with the Internet connection on the user side. Another reason for missing RT data is a problem with IOD matching at the level of data processing. Authors are aware of the fact that the availability assessment is not absolute and may be affected by other error sources. The RMSE for RT-IGS is similar to the results obtained when compared to the final products and ranges from 3 to 5 cm and from 1.5 to 4.0 cm for GPS orbits and clocks, respectively. Results obtained for GPS orbits and clocks are comparable to those presented on the RT-IGS website http:// www.igs.org/rts/monitor.
The accuracy of GPS satellite orbits compared to CODE MGEX is the highest and reaches the level of about 3 cm for position components. GLONASS orbits are not as accurate as those estimated for GPS, especially for the along-and cross-track orbit components with SD equal to 8 and 6 cm, respectively. It is partly dependent on the low β angle for the GLONASS orbital plane #1 and partly with insufficiently accurate models for GLONASS and different behavior of these satellites. Galileo orbits have the accuracy at the decimeter level which is comparable to BeiDou MEO satellites. There are still some modeling errors for GEO and IGSO for which the results are inferior with respect to MEO. Although the results obtained from the comparison with SLR are slightly different, the order of the system accuracy is the same: The most accurate is GLONASS, while the least accurate is BeiDou, especially GEO satellite orbits.
The GPS clocks with SD equal to about 3 cm obtain the best performance compared to the all analyzed systems from the comparison between the final and RT products. GLO-NASS and Galileo clock differences do not exceed 10 cm, while BeiDou clocks have SD equal about 11 cm.
Galileo clocks are most stable in short periods which may be strictly related to the clock accuracy installed on the spacecraft. The newest GPS IIF generation is characterized by similar MDEV as Galileo, however, with a higher stability for longer integration time in the case of GPS. The variety of GPS clocks is connected with differences between satellite generations. The presented results confirm that BeiDou and GLONASS clocks have a comparable level of stability which is noticeably worse than for GPS and Galileo. The quality of products is not only connected with a system, but also with other factors which are either stable, such as the spacecraft construction, or vary in time, e.g., the β angle.
The positioning tests indicate that additional systems mainly reduce the formal errors mostly due to the improved observation geometry. However, the mean biases become sometimes even larger when adding Galileo or especially BeiDou in the kinematic positioning. The results obtained are especially important for potential users of RT products. The results presented may thus form a background for further analyses that will be focused on appropriate observation weighting for the RT PPP processing using multi-GNSS data.
